Most bacteriocins in gram-positive bacteria are small and heat stable (peptide bacteriocins), and their antimicrobial activities are directed against a broader spectrum of bacteria than is seen for bacteriocins of gram-negative bacteria. Many excellent bacteriocin reviews have been published in recent years (10, 15, 16, 19, 27, 29, 77, 83) .
The heat-stable peptide bacteriocins from lactic acid bacteria have so far been grouped into two major classes: class I, the lantibiotics, and class II, the heat-stable nonlantibiotics. In addition, a third class of bacteriocins has been suggested which includes secreted heat-labile cell wall-degrading enzymes (71, 88) , but classification of such enzymes as bacteriocins has recently been disputed (19, 49) . Lantibiotics contain a number of posttranslational modifications that include dehydration of serine and threonine to form 2,3-dehydroalanine (Dha) and 2,3-dehydrobutyrine (Dhb), respectively. Some of the dehydrated residues are covalently bound to the sulfur in neighboring cysteines, creating the characteristic lantionine and methyllantionine residues. It has also been shown that in a few cases the dehydroalanine can be converted to D-alanine (109, 118) and that additional modifications, such as lysinoalanine, 2-oxobutyrate, S-aminovinyl-D-cysteine, and S-aminovinyl-D-methylcysteine, are formed in some lantibiotics (59) . Both class I and class II bacteriocins display great diversity with regard to their modes of action, structures, genetics, modes of secretion, choices of target organisms, etc. There is still lack of consensus on how to subdivide class I and II peptide bacteriocins further into subclasses. The lantibiotics have been divided into two subgroups, type A and type B, according to structural features (64) . Type A lantibiotics (e.g., nisin, subtilin, and Pep5) are elongated molecules with a flexible structure in solution, while type B lantibiotics adapt a more rigid and globular structure (64) . However, this picture is changing, since structural studies of the lantibiotic plantaricin C has been shown to hold structural elements of both type A and B lantibiotics (123) . Also, nuclear magnetic resonance spectroscopy has shown that the peptides of the two-peptide lantibiotic lacticin 3247 are structurally different. While the peptide designated lacticin 3147 A1 has a specific lanthionine bridging pattern resembling the globular type B lantibiotic mersacidin, the A2 peptide is a member of the elongated type A lantibiotic subclass (80) . In the present review, we refer to the A and B types of lantibiotics as one-peptide lantibiotics and mention specifically when a bacteriocin is a two-peptide lantibiotic.
Lack of consensus also exists in the differentiation between subgroups of the nonlantibiotic class II peptide bacteriocins. In this review, we retain the pediocin-like bacteriocin in class IIa, the two-peptide bacteriocins in class IIb, and the leaderless peptide bacteriocins in class IIc, and finally, we define the circular bacteriocins as class IId. This overview will discuss the dissemination of the class I and II peptide bacteriocins in enterococci and streptococci and the possibility of identifying such bacteriocins in genome sequences.
The lactic acid bacteria in fermented food have been the focus of bacteriocin research during the last 15 to 20 years. Numerous peptide bacteriocins have been characterized, and many have been used intentionally or unintentionally in food products, either through starter cultures or as food additives/ supplements (15) . Work on such bacteriocins has been driven by the need for new and improved natural food preservation technology and a wish to prevent food spoilage and poisonproducing bacteria from growing. In recent years, the concept of probiotic bacteria has also stimulated work on bacteriocins. In light of the increased antibiotic resistance among pathogens, bacteriocins have attracted attention as an alternative means to prevent infection by pathogens. In fact, two lantibiotics, nisin and lacticin 3147, have been found useful in preventing mastitis (8, 108, 110) .
The nonfood lactic acid bacteria, such as enterococci and streptococci, have also been scrutinized for bacteriocin production, and many publications have shown that they are producers of such antimicrobial peptides (Tables 1 and 2 ). Some enterococci are actually part of the main fermenting flora of artisan dairy and meat products, particularly in Mediterranean countries. Their presence in the fermented products is most probably doe to the relatively high temperatures found in that region (35) .
The enterococci are among the dominant lactic acid bacteria in the intestinal flora of mammals and other animals. The streptococci constitute part of the complex oral microflora of mammals, and some of them are pathogenic. Studies of the antimicrobial peptides from streptococci and enterococci have shown that these bacteria produce a large number and diversity of such compounds. It should be noted that identical peptide bacteriocins have been isolated by different research groups, and unfortunately, they have been given different names. In addition, many bacteriocins have been only partly characterized, and available information is often insufficient to confirm their novelty. The present review covers only the best-defined class I and class II bacteriocins from enterococci and streptococci.
DIVERSITY AND DISSEMINATION OF PEPTIDE BACTERIOCINS
Streptococcus. Studies of the bacteriocins of streptococci go back to the 1960s (84) . The more recent focus in the isolation and characterization of streptococcal bacteriocins has been on pathogenic streptococci, and most bacteriocins characterized originate from a few species (Table 1) . Lantibiotics are the most prevalent peptide bacteriocins in streptococci, and the majority belong to the elongated cationic type A lantibiotics. Two-peptide lantibiotics have also been isolated from streptococci (Table 1) .
The lantibiotic salivaricin A was the first Streptococcus salivarius lantibiotic to be characterized (107) , and it strongly inhibits Streptococcus pyogenes strains. S. pyogenes (a group A Streptococcus) is a ubiquitous organism that is known to provoke a wide variety of diseases in humans. Five additional variants of the structural salivaricin A (salivaricin A1 to A5) peptide have been identified in streptococcal strains, and together with salivaricin A, these six SalA peptides seem to share an inhibition spectrum, probably because they differ from each other only by 1 or 2 amino acids (128) . Among the SalA-type peptide bacteriocins, SalA1 activity was most prevalent, being produced by a broad range of species, including S. pyogenes, Streptococcus dysgalactiae, and Streptococcus agalactica. Among the 53 different M types of S. pyogenes strains, all but one carried the salA1 gene variant; however, none was found to be a bacteriocin producer. On the other hand, 77% of 36 S. salivarius strains were positive for the salA gene, as well as producing the bacteriocin (128) . Streptolysin S (SLS), which is responsible for the hallmark beta-hemolytic phenotype, is produced by group A Streptococcus. A nine-gene locus is necessary and sufficient for its biosynthesis, and the genes resemble genes required for the synthesis of some bacteriocins. Although SLS does not antagonize bacteria, the biosynthesis elements needed for its synthesis support the designation of SLS as a bacteriocin-like toxin (37, 53, 95) .
Peptide bacteriocins produced by Streptococcus mutans are known as mutacins, and the frequency of such antimicrobial activities has been reported to vary from 11% to 100% among S. mutans isolates (5) . A study of mutacin production in 145 oral S. mutans isolates from young children and their mothers showed that 88% of the strains produced antimicrobial activity against more than 1 of the 14 indicator strains (42) .
Some S. mutans isolates produce at least three different lantibiotics named mutacin I, II, and III. Mutacin II has been shown to be structurally related to the lacticin 481 group of type A lantibiotics (73) , while the structures of mutacins I and III have not been determined. A two-peptide class II peptide bacteriocin (mutacin IV) is produced by S. mutans UA140, a strain that also produces mutacin I (100). The production of mutacins I and IV by UA140 appears to be regulated by different mechanisms under different physiological conditions in the sense that mutacin I is only produced by cells growing under biofilm-forming conditions, while mutacin IV is produced in planktonic cultures. The production of two mutacins by one strain under different conditions implies that they serve different roles in the ecology of S. mutans (100) .
The evolution and dissemination of such peptide bacteriocins in lactic acid bacteria were recently demonstrated by nisin, the most prominent lantibiotic, so far found only in Lactococcus lactis strains. A recent publication by Wirawan and coworkers described a nisin variant called nisin U (78% identity to nisin A) from Streptococcus uberis (132) . This bacterium is primarily found on the lips and skin of cows, in raw milk, and on udder tissue and is a major cause of bovine mastitis (116, 136, 137) .
Two bacteriocins, termed bovicin 255 and bovicin HJ50, have been thoroughly characterized from a rumen bacterial isolate of Streptococcus bovis (129, 133) . Bovicin HJ50 is a lantibiotic, while bovicin 255 is a class II nonlantibiotic. In the same study, 7 out of 35 rumen streptococcal isolates were found to produce bacteriocin-like activity (129) . The broad dissemination of bovicin 255 among rumen streptococci has recently been confirmed (18) . The bovicin 255 peptide sequence showed some similarity to those of two other class II peptide bacteriocins, lactococcin A (51) and thermophilin A (thermophilin 13) (125), and it was identified in both Streptococcus gallolyticus and S. bovis isolates.
In another study, a Streptococcus rattus isolate produced two different peptide bacteriocins named BHT-A and BHT-B. The genetic loci for the BHT-A and BHT-B bacteriocins were found in six S. rattus and two S. mutans strains (54) . BHT-A was found to be a variant of the two-peptide lantibiotic Smb (135), while BHT-B was a nonmodified peptide with some similarity to the tryptophan-rich and leaderless aureocin A53 from Staphylococcus aureus (54, 91) .
In a screening of Streptococcus pyogenes, approximately 10% of the strains were found to inhibit the growth of nine indicators in a standardized streptococcal-bacteriocin assay (127) . The bacteriocin activity was due to the type A lantibiotic streptin, and two major forms of streptin were purified to homogeneity from an S. pyogenes strain (127) . The fully matured form of streptin (streptin 1) is made up of 23 amino acid residues and has a mass of 2,424 Da, while the second form of the peptide (streptin 2) has three additional amino acids (TPY) at the N terminus. The structural gene (strA) of streptin was widespread among S. pyogenes strains. Of 58 S. pyogenes isolates tested, 41 hybridized with the strA probe, but only 10 of the strains produced active streptin. The deficiency of some strains in producing streptin was ascribed to a deletion in their streptin loci, encompassing genes putatively encoding proteins involved in streptin processing (68, 127) . The strA gene was found to be absent in S. salivarius (75 isolates), S. mutans (8 isolates), and S. uberis (9 isolates).
Streptococcal bacteriocins have also been characterized from food-related environments, such as food fermentation. Macedocin is a lantibiotic from the newly described species Streptococcus macedonicus, isolated from artisan cheese (40) , and thermophilin 13 is a two-peptide class IIb bacteriocin produced by Streptococcus thermophilus, isolated from yogurt (78) .
Peptide bacteriocin activities have been described in many more streptococcal isolates, but often the characterization is incomplete, which makes it difficult to judge if they are new bacteriocins. It is surprising to see the high frequency of peptide bacteriocin-producing streptococcal isolates, and this observation is supported by gene annotation, as well as genome mining of sequenced Streptococcus genomes (see below).
Enterococcus. Many peptide bacteriocins from enterococci have been purified and genetically characterized over the years, and most of them have been obtained from Enterococcus faecalis and Enterococcus faecium. The best characterized ones are listed in Table 2 . As observed in streptococci, identical characterized peptide bacteriocins have been given different names, such as bacteriocin AS-48, which has been named both enterocin 4 (62) and bacteriocin 21 (121) .
The bacteriocins from enterococci belong almost exclusively to the heat-stable, nonlantibiotic class II bacteriocins, with the exception of cytolysin. Cytolysin is a two-peptide lantibiotic found in E. faecalis (17) . It is the only peptide bacteriocin isolated from enterococci with cytolytic (hemolytic) activity (56, 61, 70) . Cytolysin is a virulence factor, and consequently, it is not considered useful as an antimicrobial agent. It is interesting that the cytolysin-encoding genes are found not only in Enterococcus isolates from hospitals and patients, but also from food; animals, including houseflies; and healthy infants (65, 76, 115) .
Probably the most prevalent class II enterococcal bacteriocins are pediocin-like bacteriocins (class IIa) with strong antilisterial effects (30, 31) . Among these bacteriocins, enterocin A was the first to be thoroughly characterized, and this peptide bacteriocin is among those most frequently found in E. faecium strains (3, 122) . The gene for enterocin A has also been identified in the partly sequenced genome of E. faecium strain DO, but the strain does not produce any bacteriocin activity (http: //genome.jgi-psf.org/draft_microbes/entfa/entfa.home.html). While most class IIa bacteriocins are processed from a precur-sor peptide containing an N-terminal double-glycine leader sequence (between 15 and 30 amino acid residues), some peptide bacteriocins, such as enterocin P and bacteriocin 31, contain a sec-like leader sequence that is removed in the secretion process (12, 122) .
The two-peptide peptide bacteriocins (class IIb) require the complementary actions of both peptides for full antimicrobial activity, and only one immunity protein is dedicated to the activity of a two-peptide bacteriocin. In some E. faecalis strains, the two-peptide bacteriocin named enterocin 1071 is encoded by plasmid-derived genes (34) . The two peptides, enterocin 1071A and enterocin 1071B, constituting the bacteriocin are 39 and 34 amino acids long, respectively. The deduced amino acid sequences of the mature Ent1071A and Ent1071B peptides showed 64 and 61% homology with the ␣ and ␤ peptides of lactococcin G, respectively, a two-peptide bacteriocin isolated from L. lactis (94) .
Several leaderless peptide bacteriocins have been identified among enterococci ( Table 2 ). The leaderless peptide bacteriocins were first discovered in staphylococci and were shown to be hemolytic (26, 90, 91, 126) ; they are produced as single peptides or multiple homologous peptides, each encoded by individual genes localized in tandem repeats (91) . The multiple-peptide bacteriocins (up to four individual peptides) shared 65 to 80% homology (14, 26, 91, 126) . From the food isolate E. faecium strain L50, two plasmid-encoded leaderless bacteriocins were characterized. One, termed enterocin L50, was composed of two highly similar peptides sharing 72% identity. The individual peptides enterocin L50A and enterocin L50B possessed antimicrobial activity, with the L50A peptide being most active. However, in combination, the antimicrobial activity increased between 5-and 80-fold, depending on the bacterial indicator used (14) . The enterocin L50-encoding genes were localized as two consecutive open reading frames (ORFs) on a 50-kb plasmid (20) . The second leaderless peptide bacteriocin, enterocin Q, was isolated from the same E. faecium strain. Enterocin Q consists of only one peptide, and its gene was found on 7,383-bp plasmid (pCIZ2). Recently, two leaderless bacteriocin peptides (MR10A and MR10B) were characterized from an E. faecalis strain isolated from the holocrine glands of a bird (81) . The two MR10 peptides were almost identical to the enterocin L50 peptides.
It is interesting that some leaderless peptide bacteriocins in enterococci share homology with Staphylococcus peptides that appear to be hemolytic (14) . An intriguing question is, can some few amino acid substitutions render the L50 peptides cytolytic? As previously mentioned, the enterococcal lantibiotic cytolysin, as well as the SLUSH peptides (26) and the AGS peptides (126), most likely encompass both cytolytic and bactericidal activities, which suggests that such activities can coexist in the same peptide molecule.
A unique group of peptide bacteriocins, classified as class IId in this review, are the cyclic bacteriocins. One member of this group, enterocin AS-48, has been identified in E. faecalis. Enterocin AS-48 was the first bacteriocin isolated from Enterococcus to be purified (38, 82) . Screening by PCR-based technology of 15 independently isolated bacteriocin-producing Enterococcus strains for the structural genes similar to the antimicrobial peptide AS-48 gene has been carried out (63) . Eight of 10 E. faecalis strains and 3 of 5 E. faecium strains gave positive results. This finding suggests that peptide bacteriocins closely related or identical to peptide AS-48 are common in enterococci (63) . The almost identical cyclic enterocin AS-48RJ has been characterized from an E. faecium strain. It deviates from enterocin AS-48 only in amino acid position 20, replacing glutamine with valine (1).
In which ecological environments are bacteriocin-producing enterococci commonly found? Presently, there does not seem to be any preferential niche; wherever one finds enterococci, one also finds bacteriocin-producing enterococci. A major portion of the bacteriocin-producing enterococci have been isolated from foods (cheese, meat, fish, and vegetables), animals, and humans (33) . A collection of 636 hospital-isolated vancomycin-resistant E. faecium strains were tested for bacteriocin production. It was shown that 44% of the strains were bacteriocin producers, and a significant number of these strains carried the genetic determinant for bacteriocin 32 production (58). Bacteriocin-producing enterococci have also been isolated from municipal sewage, cattle dung, ruminal content, birds, etc. (58, 74, 75, 79) .
Production of multiple bacteriocins also seems to be a common feature of enterococci and streptococci. It has been reported that many isolates produce three or four bacteriocins (13, 98, 131) .
PEPTIDE BACTERIOCIN GENES IN GENOME SEQUENCES
Bacterial genome sequences are revolutionizing our approach to identifying novel genes in different bacteria. More than 300 complete bacterial genome sequences are available in public-domain databases, and the number is increasing. Such sequence databases should be an extremely valuable source in which to look for genes encoding antimicrobial compounds, such as ribosomally synthesized antimicrobial peptide bacteriocins (89) . The peptide bacteriocins are small molecules that are consequently encoded by small genes, and unfortunately, small ORFs are often not adequately annotated or are omitted in annotation. There is a need for improved search tools for identification of peptide bacteriocin genes, and there should be more focus on the annotation of small ORFs. In the case of Streptocococcus genomes, numerous putative peptide bacteriocin-encoding genes have been proposed. In the genome sequence of Streptococcus pneumoniae TIGR 4, seven ORFs have been annotated as bacteriocin genes, while four bacteriocin genes have been annotated in the S. pneumoniae R6 genome (http://cmr.tigr.org /tigr-scripts/CMR/CmrHomePage.cgi).
Results from an in silico screening for peptides containing the double-glycine leader sequence and their cognate transporter have been published (25) . The double-glycine leader motif that is found in a majority of class II and some class I bacteriocins and the unique N-terminal peptidase C39 domain of their cognate ABC transporters were the main features used in this search for such peptides (45, 46) . The study included 45 fully sequenced gram-positive genomes, and of a total of 48 GG motif candidate peptides obtained, 92% were found in lactic acid bacteria and 80% were found in the streptococcal genomes. However, one should bear in mind that peptide pheromones (including competence peptides) involved in the two-component regulatory systems are also detected in such a search (87) . The peptide pheromones share most features of bacteriocins but are usually shorter and have no or poor antimicrobial activity (24) .
A more general and probably more efficient peptide bacteriocin search engine has been developed (21) . The genomemining tool includes a search for lantibiotics, as well as peptide bacteriocins with different N-terminal leaders (21) . This webbased genome-mining tool (with the acronym BAGEL) applies a number of ORF prediction tools that take into account the presence of genes involved in biosynthesis machinery, transport function, regulation, and immunity. These features make BAGEL unique, as well as valuable, in searches for putative bacteriocin genes and their biosynthetic operons in bacterial genomes (21) .
In the annotated Streptococcus genome sequences, a number of new peptide bacteriocin genes have been proposed. In the S. pneumoniae TIGR 4 genome sequence, seven putative peptide bacteriocin genes have been annotated (SP0042, SP0109, SP0531, SP0532, SP0533, SP0539, and SP0541), but no bacteriocin activity has been characterized so far (120) . Evaluation of the peptide-bacteriocin genes in S. pneumoniae TIGR 4 by use of the BAGEL algorithm (default setting) identified 11 significant peptide bacteriocin genes, including the seven original putative bacteriocin genes and four additional genes (SP974, SP0540, SP792, and SP602). The program also identified 18 other potential bacteriocin genes and a high number of ORFs (44) with some, but less, homology to bacteriocin genes. A recent published work explored the distribution of genes in eight clinical isolates of S. pneumoniae by constructing an individual genomic library for each isolate. DNA sequencing suggested that one isolate contained a gene similar to the globular lantibiotic mersacidin, probably in two copies (117) .
Peptide bacteriocin genes have been identified in other sequenced streptococcal species. S. mutans UA159, a sequenced cariogenic dental pathogen, exhibits nonlantibiotic mutacin activity (2) . Several putative bacteriocin ORFs in S. mutans UA159 share strong homology with ORFs found in genomes of S. bovis and S. pneumoniae strains. The annotation of S. mutans UA159 originally suggested six hypothetical peptide bacteriocin ORFs, one of which (the translated protein Q8CVC8) showed homology with bovicin 255 variants and acidocin M (66) . A seventh translated ORF (the protein Q8DS95) may also encode a bacteriocin, since it shares homology with a putative bacteriocin of S. thermophilus (gi 62528196). In a recent study, it was demonstrated by bioinformatics and mutational analyses that the antimicrobial repertoires of S. mutans strain UA159 includes the two-peptide mutacin IV (SMU 150 and SMU151) and mutacin V (SMU1914c) (44) .
Streptococcin A-FF22 and the streptins (streptin 1 and 2) are the only peptide bacteriocins thoroughly characterized from S. pyogenes strains (55, 60, 127) . The genome sequences of seven S. pyogenes strains (MGAS1039, MGAS315, MGAS5005, MGAS6180, MGAS8232, SF370, and SSI-1) are listed in the TIGR-CMR database, and more than 30 ORFs encoding bacteriocin-like proteins have been annotated, with prevalences varying from two to seven putative bacteriocin ORFs in each strain.
Enterococci produce many different peptide bacteriocins, and purification and characterization have shown that the nonlantibiotic peptide bacteriocins dominate among them. The genome sequence of E. faecalis V583, a vancomycin-resistant clinical isolate, has been published, but it is the only complete Enterococcus genome sequence available so far (99) . No putative bacteriocin ORFs were initially identified, but a hypothetical protein of 43 amino acids (EFA0015) is almost identical to the recently characterized plasmid-encoded leaderless enterocin EJ97 (112) . The translated peptide EFA0015 is 97% identical to enterocin EJ97, as it lacks the threonine in position 14 of enterocin EF97. However, it remains to be seen if the protein EFA0015 is an antimicrobial compound.
It must be emphasized that identification of putative bacteriocin genes does not necessarily mean that the relevant bacterium produces antimicrobial activity, and a lack of detectable antimicrobial activity does not necessarily mean that genes involved in bacteriocin production are defective. First, it is of key importance to use a susceptible indicator, which can pose a problem, since some peptide bacteriocins act on only a narrow range of target bacteria. Secondly, the production of peptide bacteriocins is often regulated. The best-understood regulatory system for peptide bacteriocin production is the two-component system (87) , but other regulatory mechanisms also exist (13, 104, 105) . Deficiency in production of antimicrobial activity is often due to a dysfunctional genetic system. Occasionally, it has been observed that bacterial genomes encode only parts of the bacteriocin production system or that mutations have inactivated the functionality of the bacteriocin genes (23, 85) .
REGULATION OF PEPTIDE BACTERIOCIN SYNTHESIS
Bacteriocins may play important roles in bacterial ecology, and the high incidence of bacteriocin production among streptococci and enterococci probably reflects this fact. In most cases, bacteriocin production appears to be regulated and is consequently produced only under suitable growth conditions. Therefore, the choice of the right culturing conditions (medium composition, temperature, pH, water activity, etc.) may be crucial for the outcome of bacteriocin screenings.
Some bacteriocins are produced on solid growth media but not in liquid cultures (100) . Growth temperatures have also been shown to influence bacteriocin production in E. faecium. E. faecium L50 produces at least three bacteriocins, and it was demonstrated that the various bacteriocins were produced at different temperatures and had different temperatures for optimal production (13) . For the production of bacteriocins from S. pyogenes, the presence of blood was essential, and the same requirement was also reported for the cytolysin of E. faecalis (17) .
Bacteriocin production has been shown to be regulated by two-component systems in a number of lactic acid bacteria, including S. thermophilus (52) and E. faecium (93) . In such cases, the inducers are highly specific autoinduced bacteriocinlike peptides that are commonly referred to as peptide pheromones (87) . The regulatory circuit of enterocin A and B was among the first to be elucidated for enterococci; the individual genes involved, the sequence of the peptide pheromone, and the promoter sequences are shown in Fig. 1 (93) . The induction of gene expression is achieved by an accumulation of the pheromone peptide through a low constitutive production. When a threshold concentration of the peptide pheromone has been reached, the peptides binds to its receptor (the histidine protein kinase), followed by a phosphorylation cascade leading VOL. 189, 2007 MINIREVIEWS 1193 to phosphorylation of the cognate response regulator, which binds and activates the regulated promoters (Fig. 1) . A burst in the expression of genes takes place, and mass production of bacteriocin results (87) . In E. faecium CTC492, enterocin A production was diminished at low pH and high concentrations of salt but was restored by the addition of inducer peptide (93) . In E. faecalis, one of the two peptides of cytolysin, CylL S Љ peptide, induces high-level expression of the cytolysin structural genes (57) . However, the second component, CylL L Љ peptide, can form a complex with CylL S that prevents induction. CylL L binds preferentially to target cells (erythrocytes), and in the presence of target cells, high-level cytolysin expression is induced. Thus, this autoregulatory mechanism provides the bacteria with a means to fine tune cytolysin production in response to the presence of targets (17) .
TARGETS-RECEPTORS FOR BACTERIOCINS
Numerous mode-of-action studies have been performed on peptide bacteriocins. Most bacteriocins are membrane active, causing permeabilization of and eventually killing the target bacteria. Both some A-and B-type lantibiotics have been shown to kill target cells by interrupting cell wall synthesis through high-affinity binding to the lipid II molecule, a molecule that plays an essential role in the synthesis of the peptidoglycan layer (6, 7, 97) . Type A lantibiotics are also able to kill bacteria by an additional mechanism: binding to the lipid II molecule and thereby forming pores in the cytoplasmic membrane of the target. The mechanisms of pore formation of type A lantibiotics are the most important killing mechanism. A similar pore formation mechanism has also been shown for the two-peptide lantibiotic lacticin 3147 (130) . At present, we do not know the details of the mechanisms of action of lantibiotics from streptococci, but it seems likely that some of these lantibiotics, such as mutacin I, 1140, and B-Ny266, also use lipid II as a target molecule (10) .
Targets for class II bacteriocins are less well known. However, genetic studies have suggested that the mannose PTS system is the target of class IIa bacteriocins (47) . Based on these genetic studies and biochemical studies (D. B. Diep and H. Holo, unpublished data), a model of how class IIa bacteriocins work and how the dedicated immunity protein can provoke its activity has been developed (Fig. 2) .
CONCLUDING REMARKS
Enterococci and streptococci seem to be unique in their great potential to produce peptide bacteriocins. It is interesting that while lantibiotics are by far the peptide bacteriocins most frequently found in streptococci, the class II peptide bacteriocins are dominant in enterococci. Most of the purified streptococcal bacteriocins are plasmid encoded, but bacterial chromosomally encoded bacteriocins have also been isolated, and genome mining suggests the presence of a large number of bacteriocin genes in their genomes. In spite of the great number of putative bacteriocin genes in the sequenced S. pneumoniae strains, no bacteriocin activity has been reported. This is in contrast to S. mutans, from which many bacteriocins have been purified and characterized and for which coordinated bacteriocin production and competence development have also been observed (72, 124) . In the early 1970s, it was reported that bacteriocin synthesis coincided with DNA uptake competence development in Streptococcus gordonii strain Challis (113, 114) , and recently, it was reported that bacteriocin/hemolysin biosynthesis was controlled by the competence regulon (48) . These findings suggest that bacteriocins play an impor- tant role in providing naked DNA for uptake in competent streptococci.
The lack of direct correlation between the many putative peptide bacteriocin genes in the Streptococcus strains and antimicrobial activity expressed is puzzling. The possibility cannot be excluded that the lack of activity of such translated ORFs is simply because they are not antimicrobial peptides but serve a completely different and unknown function. In this context, one should bear in mind that peptide pheromones for competence development, as well as regulation of bacteriocin production in gram-positive bacteria (quorum sensing), share many of the physiochemical properties of bacteriocins (87) . In order to determine if an ORF may encode a peptide bacteriocin, different strategies should be considered. Heterologous expression of peptide bacteriocins has been achieved, but such an approach depends on the presence of complementary genes involved in maturation and transport, in addition to immunity (106) . Peptide synthesis is an alternative strategy that has been used successfully to obtain class II peptide bacteriocins (32) , while chemical synthesis of lantibiotics cannot presently be obtained due to the extensive posttranslational modifications.
Correction of a mutation in a gene required for bacteriocin synthesis has been used successfully to identify a new bacteriocin in lactic acid bacteria (23) . The genome of Pediococcus pentosaceus ATCC 25745 contains a gene cluster that resembles a regulated bacteriocin system. A mutated and defective peptide pheromone involved in a quorum-sensing regulatory mechanism for bacteriocin synthesis was identified. Genetic correction of the mutated peptide pheromone made it possible to express the bacteriocin.
Enterococci produce a great diversity of class II peptide bacteriocins, and most of them are plasmid encoded. Unfortunately, only one Enterococcus genome has been sequenced completely, and only one putative bacteriocin gene was identified. From this limited information, it is not possible to draw any firm conclusions about the prevalence of bacteriocin-encoding traits in enterococcal chromosomes. However, we can conclude that enterococci produce a great number of different class II bacteriocins and that most of them are apparently plasmid encoded. It is tempting to speculate that bacteriocins are found more frequently in enterococci and streptococci than in many other lactic acid bacteria, such as Lactococcus and Lactobacillus. Genome mining suggests that there is great potential to find many new bacteriocins in Streptococcus, and it will be important to follow up such findings with functional studies, which hopefully will bring new and efficient antimicrobial peptides to the market in the future. (1), the immunity protein (pink) is nonassociated or loosely associated with the receptor proteins. When bacteriocin is exogenously added or produced by the bacteria themselves (2), the immunity protein is tightly associated with the receptor to prevent the bound bacteriocin on the receptor from forming lethal pores in the cytoplasmic membrane (3) . In all cases, the cytoplasmic component IIAB (AB) is in contact with its membrane-located partners, but without being directly involved in a receptor function or in an immunity function. CW, cell wall; CM, cytoplasmic membrane. The model is based on published work (41, 47, 103) and unpublished work (Diep and Holo, unpublished 
